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Available online 4 November 2014AbstractLittle information exists about the effects of swimming exercise on bone health in ovariectomized animals with estrogen deficiency, which
resembles the postmenopausal state and age-related bone loss in humans. This study investigated the effects of swimming exercise on tibia and
femur bone mineral density (BMD), geometry, and microstructure in sham and ovariectomized rats. Forty 3-month-old female rats were divided
into four groups: sham operated-sedentary control (Sham-control), sham operated with swimming exercise group (Sham-Swim), ovariectomy-
sedentary control (OVx-control), and ovariectomy and swimming exercise (OVx-Swim) groups. Swimming sessions were performed by the rats
90 minutes/day for 5 days/week for a total of 8 weeks. At the end of the study, tibial and femoral proximal volumetric total BMD, midshaft
cortical volumetric BMD, cross-sectional area, and cross-sectional moment of inertia (MOI), and bone microstructural properties were measured
for comparison. Data were analyzed using one-way analysis of variance (ANOVA). The Sham-Swim group exhibited significantly ( p < 0.05;
one-way ANOVA) greater values in bone geometry parameters, that is, tibial midshaft cortical area and MOI compared to the Sham-control
group. However, no significant differences were observed in these parameters between the Ovx-Swim and Ovx-control groups. There were
no significant differences in femoral BMD between the Sham-Swim and Sham-control groups. Nevertheless, the Ovx-Swim group elicited
significantly ( p < 0.05; one-way ANOVA) higher femoral proximal total BMD and improved bone microstructure compared to the Ovx-Sham
group. In conclusion, the positive effects of swimming on bone properties in the ovariectomized rats in the present study may suggest that
swimming as a non- or low-weight-bearing exercise may be beneficial for enhancing bone health in the postmenopausal population.
Copyright © 2014, The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier (Singapore) Pte Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Bone is made up of microscopic crystals of phosphates and
calcium contained within a matrix of collagen. It protects vital
organs and the bone marrow, and the rigidity that it provides* Corresponding author. Sports Science Unit, School of Medical Sciences,
Universiti Sains Malaysia, 16150 Kubang Kerian, Kelantan, Malaysia.
E-mail address: ckchen@usm.my (C.K. Chen).
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1728-869X/Copyright © 2014, The Society of Chinese Scholars on Exercise Physiology and F
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).permits locomotion and the support of loads against gravity.
All healthy humans gain bone mass during growth early in
life. After the attainment of maximum bone mass, by about 30
years of age, bone mass remains constant until about the age
of 40e45 years, after which it begins to decrease in both men
and women.1e3 This gradual decline in bone mass can lead to
serious consequences, particularly in females following
menopause. Adult females generally have less bone mass than
adult males, and immediately after menopause they lose ititness. Published by Elsevier (Singapore) Pte Ltd. This is an open access article under the
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women are more prone to developing serious osteoporosis.5e8
Hormones are key regulators of growth and maintenance of
skeletal tissue, and gonadal hormones such as estrogen, pro-
gesterone, and testosterone in particular have an important
impact on bone physiology. It is also generally known that
insufficient levels of gonadal hormones predispose the human
skeleton to bone loss and osteoporotic fractures.9e12 Estrogen
is the dominant hormone in skeletal regulation, and its level is
reduced with advancing age and during menopause.13,14
As mentioned by Kanis,8 Manolagas et al,9 Syed and
Khosla,10 and Frenkel et al,11 a decrease in bone mass is
usually associated with estrogen deficiency in postmenopausal
osteoporosis, in which estrogen deficiency increases bone
turnover and induces an imbalance between resorption and
formation, a relative deficit in bone formation, and eventually
accelerates skeletal losses and increases fracture risk.
Osteoporosis is characterized by low bone mass and
microarchitectural deterioration of bone tissue, with a conse-
quent increase in bone fragility and susceptibility to frac-
ture.6,7,15,16 The recognition of osteoporosis as a major health
problem among a growing number of elderly people around the
world has resulted in widespread efforts to determine ways to
reduce the rate of bone loss. These could be achieved through
proper diet,17 estrogen therapy,18,19 and regular exercises.20e23
It is generally accepted that rats are excellent animal models
for studying bone health due to the similarity in terms of
morphometry and structure with human bone. Ovariectomy of
the animal, which resembles the postmenopausal state in
humans, has been used for bone morphometry analysis of bone
fragility and is considered to serve as a highly predictive model
of fracture risk in humans.24,25 This commonly used protocol to
induce menopause in animals has been reported to result in
bone loss due to estrogen deficiency.26e29 Ovariectomy is not
limited to mature and aging rats as young female rats can also
be used for ovariectomy. A previous bone study by Honda
et al,26 reported that 12-week-old young female rats were used
to mimic the postmenopausal population via ovariectomy.
Similarly, in another study by Estai et al,28 a group of young
rats were ovariectomized for the induction of an estrogen
deficiency condition to mimic the postmenopausal population.
Forces generated through mechanical loading during exer-
cise promote osteogenesis; therefore weight-bearing exercises
are conventionally prescribed for enhancing bone health.
Nevertheless, the high force magnitude elicited by high me-
chanical loading may cause detrimental effects on osteoporotic
bones. Numerous previous studies on the effects of swimming,
which is a non- or low-weight-bearing exercise, on bone health
have been conducted in young animals.30e34 However, to date,
little information exists about the effects of swimming exer-
cise on bone mineral density (BMD), geometry, and micro-
structural properties in ovariectomized animals with estrogen
deficiency, which resemble the postmenopausal state and age-
related bone loss in humans. It was hypothesized that the
ovariectomy process carried out in the present study can elicit
negative effects on bone properties because estrogen defi-
ciency could cause imbalance in bone resorption andformation, and a relative deficit in bone formation, resulting in
accelerated bone loss.9e11,26,27 Additionally, swimming exer-
cise as a non- or low-weight-bearing exercise, which is an
alternative to moderate- and high-weight-bearing exercises,
was believed to be a type of less strenuous exercise for older
population with bones that are less strong compared to young
bones. Therefore, the present study was carried out to compare
the effects of an 8-week period of short-term swimming ex-
ercise on tibial and femoral BMD, geometry, and micro-
structural properties in sham and ovariectomized 3-month-old
rats. It is hoped that the results of the present study can be
extrapolated to postmenopausal women particularly for pre-
venting and/or reducing bone loss.
MethodsAnimal groupsIn this study, forty 3-month-old female Sprague Dawley
rats, weighing between 250 g and 300 g, were used. The rats
were housed at normal room temperature with adequate
ventilation and a normal 12-hour light/dark cycle, and free
access to water and chow (Gold Coin, Port Klang, Malaysia)
throughout the experiment. They were divided into four main
groups: sham operated-sedentary control (Sham-control,
n ¼ 10); sham operated with swimming exercise (Sham-Swim,
n ¼ 10); ovariectomy-control (OVx-control, n ¼ 10); and
ovariectomy and swimming exercise (OVx-Swim, n ¼ 10)
groups. The body weight of each rat was recorded at the
following stages: preovariectomy, postovariectomy at 4 weeks
(i.e., the initial body weight prior to intervention), and after
intervention (the final body weight).OvariectomyBilateral ovariectomy (OVx) was performed using a ventral
approach under anesthesia. The rats were anesthetized with an
intramuscular (IM) injection of Ketapex 0.1 mL and Xylazil
0.03 mL. Gas anesthesia (isoflurane) was used if the animals
woke up during the surgical procedure. The animals were
placed in dorsal recumbency to make a midline coeliotomy
incision. A 1-cm incision was made between the umbilical
scar and the pubis. The ovaries were removed using a forceps.
The ovarian vessels and Fallopian tubes were ligated indi-
vidually and the ovary and periovarian fat were removed. The
skin incision was closed with wound clips. The same proce-
dure was followed for the sham operated group (Sham) except
for the removal of the ovaries. The rats were randomly allo-
cated to nominated groups after the ovariectomies were per-
formed. The intervention was started 4 weeks after
ovariectomy to ensure healing and clear estrogen residues.Swimming exerciseSwimming exercise was performed by rats 90 minutes/day
for 5 days/week for a total of 8 weeks with the water tem-
perature maintained at room temperature.35 All of the exercise
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the experiment to reduce stress. The swimming tank
(0.5 m  0.45 m  0.45 m) was filled with 20 cm of water and
the rats were observed to make sure that they were swimming.
After the swimming exercise, the animals were dried before
returning them to their cages.Bone harvesting and measurementsAt the end of the experimental period, the rats were anes-
thetized with chloroform before they were decapitated using a
small animal guillotine (Scientific Research Instrument,
Cambridge, UK). Immediately after the rats were sacrificed,
the hind leg tibia and femur bones were harvested. Once all the
flesh was removed and the bones were cleaned, the bones were
then wrapped in saline-soaked gauze pads to prevent dehy-
dration, placed into labeled plastic bags, and stored at 80C
for the subsequent BMD, geometry, and histomorphometry
measurements.
On the day of bone densitometry measurements, the bones
were fixed with a custom-made plastic holder. The proximal
and midshaft regions of the bones were then scanned at a
resolution of 220 mm (pixel size) using a multilayer peripheral
quantitative computed tomography (pQCT; Densiscan 2000;
Scanco Medical, Bassersdorf, Switzerland). The thickness of
each layer was 1 mm. The contours of the periosteum and
endosteum were identified using the built-in software program
for measuring densitometry parameters, including the prox-
imal volumetric total BMD of the integral region inside the
periosteum (g/cm3) and the volumetric BMD of the trabecular
region inside the endosteum (g/cm3). Additionally, the bone
midshaft cortical volumetric BMD, the cross-sectional area
circumfused with periosteum, and the cross-sectional moment
of inertia (MOI) were measured.36
The protocol for bone microstructural properties measure-
ment was based on the similar protocol of Zhang et al.36 On
the day of the bone histomorphometry properties measure-
ment, one representative left tibia and femur from each group
was selected for scanning via microcomputed tomography
(mCT-40; Scanco Medical, Bassersdorf, Switzerland). The
selection of a representative sample was based on the median
value of tBMD (volumetric trabecular bone mineral density)
of the respective groups as stated in Zhang et al.36 The tibia
and femur shafts were aligned perpendicularly to the scanning
axis. The scanning of the tibial midshaft was conducted at a
resolution of 21 mm per voxel, starting from a point 15 mm
proximal of the distal tibial with a total of 105 slices per scan.
The segmentation parameters Sigma ¼ 1.2, Support ¼ 2, and
Threshold ¼ 250 were fixed for segmenting a two-dimensional
(2D) image of the bone from the background. The outer
contour of the bone was detected automatically with the built-
in Scanco iterative contouring tool. Bone volume and bone
tissue were then calculated.
Regarding the scanning of trabecular bone in the proximal
tibia, the scanning was conducted starting from a point 5 mm
proximal of the distal tibia with a total of 210 slices per scan.
Similar resolution and segmentation parameters as used in thebone cortical scanning were selected for segmenting a 2D
image of the bone from the background. The trabecular bone
within the proximal tibia was extracted with a semi-
automatically drawn contour at each 2D section. The 3D
reconstructed images of the middle 100 selected continuous
slices were then used directly to quantify the microarchitecture
of the bone, such as trabecular number, trabecular thickness,
and trabecular space, by using the image analysis program of
the mCT workstation.
For the scanning of the distal femur trabecular bone and
the midshaft cortical bone of the femur, the scanning pro-
cedure used was the same as the aforementioned procedure
for scanning the distal tibia trabecular bone and the midshaft
cortical bone of the tibia, with the exception that the scan-
ning of the femur midshaft was started from a point 14 mm
proximal of the distal femur. Regarding the scanning of the
trabecular bone in the proximal femur, the scanning was
conducted from a point 8 mm proximal of the femur with
a total of 315 slices per scan by using the same procedure
used in the scanning of the trabecular bone in the proximal
tibia.Statistical analysisSPSS version 12.0 (SPSS Inc., Chicago, IL, USA) was used
for the statistical analysis. One-way analysis of variance
(ANOVA) was performed to determine the significant differ-
ences between groups for all measured parameters except the
microstructural properties. When the one-way ANOVA
revealed a significant difference, the post hoc (least significant
differences test) was used to determine the differences be-
tween specific means. A p value < 0.05 was considered sta-
tistically significant and used for all comparisons. The data
were expressed as mean ± standard deviation (SD) [coefficient
of variation (CV)] except for microstructural properties. In the
present study, one representative left tibia and femur from
each group was selected for microstructural properties scan-
ning based on the method of Zhang et al,36 thus the repre-
sentative mCT 3D parameter results were reported.
ResultsBody weightsThe preovariectomy body weight, postovariectomy body
weight, i.e., initial body weight prior to intervention, and final
body weight after intervention of the rats are presented in
Table 1. There were no significant differences in preovar-
iectomy body weights among the groups. There were statis-
tically significant greater values of postovariectomy body
weight in ovariectomized (OVx-control and OVx-Swim) rats
compared to sham (Sham-control and Sham-Swim) rats.
Before and after 8 weeks of intervention, there were no sig-
nificant differences in final body weights between OVx-
control and OVx-Swim groups. Similarly, no significant dif-
ference was observed in final body weights between Sham-
control and Sham-Swim groups.
Table 1
The body weights of the rats.




body weight prior to intervention (mg)
Final body weight after
intervention (mg)
Sham-control 209.03 ± 15.04 (7.20) 224.20 ± 14.55 (6.49) 229.30 ± 16.21 (7.07)
Sham-Swim 223.85 ± 8.80 (3.93) 224.22 ± 14.55 (6.49) 242.27 ± 14.54 (6.00)
Ovx-control 216.03 ± 23.17 (10.73) 260.49 ± 25.24 (9.69)*,** 275.71 ± 31.64 (11.48)*,**
Ovx-Swim 217.13 ± 8.34 (3.84) 265.39 ± 17.97 (6.77)*,** 280.20 ± 22.23 (7.93)*,**
*p < 0.05 compared to Sham-control.
**p < 0.05 compared to Sham-Swim.
CV ¼ coefficient of variation; Ovx ¼ ovariectomized; SD ¼ standard deviation.
Table 2
Tibial proximal volumetric total BMD, midshaft cortical volumetric BMD, midshaft cross-sectional area, and midshaft cross-sectional MOI [mean ± SD (CV)].








Sham-control 0.76 ± 0.12 (15.79) 0.86 ± 0.09 (10.47) 4.67 ± 0.51 (10.92) 3.88 ± 1.05 (27.06)
Sham-Swim 0.76 ± 0.14 (18.42) 0.86 ± 0.01 (1.16) 5.36 ± 0.37 (6.90)* 5.00 ± 0.91 (18.20)*
Ovx-control 0.61 ± 0.04 (6.56)*,** 0.90 ± 0.05 (5.56) 5.21 ± 0.57 (10.94) 4.81 ± 0.93 (19.33)
Ovx-Swim 0.70 ± 0.14 (20.00) 0.92 ± 0.09 (9.78) 5.26 ± 0.33 (6.27) 4.75 ± 0.58 (12.21)
*p < 0.05 compared to Sham-control.
**p < 0.05 compared to Sham-Swim.
BMD ¼ bone mineral density; CV ¼ coefficient of variation; MOI ¼ moment of inertia; Ovx ¼ ovariectomized; SD ¼ standard deviation.
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the cortical area, and MOI by pQCT are illustrated in Tables 2
and 3. In tibia bones, the Ovx-control group exhibited
significantly lower proximal tibial volumetric total BMD
values compared to the Sham-control group. The Sham-Swim
group exhibited significantly greater values for the tibial
midshaft cortical area and MOI compared to the Sham-control
group. There were no significant differences in the proximal
tibial volumetric total BMD, midshaft cortical volumetric
BMD, midshaft cross-sectional area, and midshaft cross-
sectional MOI between the Ovx-Swim and Ovx-control
groups (Table 2).
In femurs, the Ovx-control group exhibited significantly
lower proximal femoral volumetric total BMD values
compared to the Sham-control group. There were no signifi-
cant differences in the proximal femoral total BMD betweenTable 3
Femoral proximal volumetric total BMD, midshaft cortical volumetric BMD, midsh




Sham-control 0.76 ± 0.10 (13.16) 0.92 ± 0.05 (5.43)
Sham-Swim 0.75 ± 0.08 (10.67) 0.92 ± 0.04 (4.35)
Ovx-control 0.63 ± 0.06 (9.52)*,** 0.96 ± 0.05 (5.21)
Ovx-Swim 0.73 ± 0.12 (16.44)*** 0.96 ± 0.08 (8.33)
*p < 0.05 compared to Sham-control.
**p < 0.05 compared to Sham-Swim.
***p < 0.05 compared to Ovx-control.
BMD ¼ bone mineral density; CV ¼ coefficient of variation; MOI ¼ moment ofthe Sham-Swim and Sham-control groups. It was observed
that the Ovx-Swim group elicited a significantly greater value
in the proximal femoral total BMD compared to the Ovx-
control group (Table 3).Bone microstructural propertiesThe results of tibia and femur histomorphometry properties
are illustrated in Tables 4e6. It was observed that the Ovx-
Swim group elicited higher values in connect density (Conn.
D) and trabecular number (Tb.N) compared to Ovx-control in
the proximal tibial trabecular bone. By contrast, the trabecular
space (Tb.S) was lower in the Ovx-Swim group compared to
the Ovx-control group at this bone site (Table 4). As presented
in Table 5, higher values of bone volume/tissue volume
(BV/TV), Tb.N, and trabecular thickness (Tb.Th) were
observed in the Sham-Swim rats when compared to the Sham-





8.38 ± 0.68 (8.11) 12.09 ± 1.90 (15.72)
8.86 ± 0.86 (9.71) 13.46 ± 2.79 (20.73)
8.69 ± 1.12 (12.89) 12.92 ± 3.26 (25.23)
8.74 ± 0.86 (9.84) 13.09 ± 2.53 (19.33)
inertia; Ovx ¼ ovariectomized; SD ¼ standard deviation.
Table 4
Representative m-CT 3D parameters of trabecular bone in the tibial proximal and cortical bone in the tibial midshaft.

























Sham-control 3.22 6.79 0.48 117.48 0.01 5.53 0.11 0.14 7.76 8.60 0.90 0.29
Sham-Swim 2.43 6.79 0.36 73.96 0.85 4.49 0.10 0.20 7.98 8.74 0.91 0.35
Ovx-control 1.13 6.92 0.16 35.32 2.32 3.03 0.09 0.33 6.93 7.52 0.92 0.33
Ovx-Swim 1.16 6.72 0.17 40.04 2.45 3.12 0.09 0.31 9.30 10.19 0.91 0.29
3D ¼ three-dimensional; BV ¼ bone volume (the enclosed volume of the triangulated surface); Conn. D ¼ connect density; m-CT ¼ microcomputed tomography;
Ovx ¼ ovariectomized; SMI ¼ structure model index; Tb.N ¼ trabecular number; Tb.S ¼ trabecular space; Tb.Th ¼ trabecular thickness; TV ¼ tissue volume (the
volume of the whole examined sample).
a The BV/TV value is used for comparison of samples with different sizes; the measured values were normalized according to the bone volume fraction.
b The SMI is used to quantify the characteristic form of a 3D structure consisting of plates and rods.
Table 5
Representative m-CT 3D parameters of trabecular bone in the femur distal and cortical bone in the femur midshaft.

























Sham-control 3.99 6.92 0.58 25.68 1.78 3.06 0.21 0.28 8.85 9.44 0.94 0.48
Sham-Swim 4.53 6.85 0.66 21.90 3.11 3.62 0.23 0.20 9.66 10.34 0.93 0.47
Ovx-control 2.75 6.85 0.40 30.23 1.25 3.12 0.18 0.26 9.70 10.52 0.92 0.49
Ovx-Swim 3.38 6.92 0.49 36.88 0.79 3.14 0.21 0.25 11.52 12.39 0.93 0.64
3D ¼ three-dimensional; BV ¼ bone volume (the enclosed volume of the triangulated surface); Conn. D ¼ connect density; m-CT ¼ microcomputed tomography;
Ovx ¼ ovariectomized; SMI ¼ structure model index; Tb.N ¼ trabecular number; Tb.S ¼ trabecular space; Tb.Th ¼ trabecular thickness; TV ¼ tissue volume (the
volume of the whole examined sample).
a The BV/TV value is used for comparison of samples with different sizes; the measured values were normalized according to the bone volume fraction.
b The SMI is used to quantify the characteristic form of a 3D structure consisting of plates and rods.
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were observed when compared to the Ovx-control rats in the
distal femoral trabecular bone (Table 5). Additionally, the
Ovx-Swim group also elicited higher values in BV/TV, TbN,
and Tb.Th compared to the Ovx-control group in the proximal
femoral trabecular bone, and Tb.S was lower in the Ovx-Swim
group compared to the Ovx-control group at this bone site
(Table 6).
Discussion
The present study findings have supported our hypothesis
that ovariectomy could cause bone loss based on the obser-
vation of lower tibial and femoral proximal volumetric totalTable 6
Representative m-CT 3D parameters of trabecular bone in femur proximal.
Group Trabecular
BV (mm3) TV (mm3) BV/TV (L)a Conn. D (L
Sham-control 1.30 3.40 0.38 13.68
Sham-Swim 1.19 3.53 0.34 16.44
Ovx-control 0.94 3.46 0.27 21.24
Ovx-Swim 2.06 3.42 0.60 20.88
3D ¼ three-dimensional; BV ¼ bone volume (the enclosed volume of the triangulat
Ovx ¼ ovariectomized; SMI ¼ structure model index; Tb.N ¼ trabecular number; T
volume of the whole examined sample).
a The BV/TV value is used for comparison of samples with different sizes; the
b The SMI is used to quantify the characteristic form of a 3D structure consistinBMD in the ovariectomized-control group compared to the
Sham-control rats. The present study also found that swim-
ming exercise elicited beneficial effects on bone geometry
such as the tibial midshaft cortical area and the cross-sectional
MOI in the tibia bone of the Sham-Swim rats. Additionally, it
was observed that swimming elicited discernable beneficial
effects on BMD and microstructural properties in femur bones
of the ovariectomized rats. These findings imply that both
sham or intact rats and ovariectomized rats gain beneficial
bone effects from the prescribed swimming exercise.
Equivocal results have been reported in young animal
studies on the effects of swimming exercise on bone. For
example, swimming for 1 hour/day for 7 days/week for
8 weeks increased the post-yield energy of bone in 7-week-oldbone in femur proximal
/mm3) SMI (L)b Tb.N (L/mm) Tb. Th (mm) Tb.S (mm)
1.17 2.64 0.13 0.36
0.30 2.29 0.13 0.47
0.59 2.54 0.11 0.36
0.57 3.37 0.24 0.32
ed surface); Conn. D ¼ connect density; m-CT ¼ microcomputed tomography;
b.S ¼ trabecular space; Tb.Th ¼ trabecular thickness; TV ¼ tissue volume (the
measured values were normalized according to the bone volume fraction.
g of plates and rods.
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1 hour/day for 5 days/week for either 12 weeks or 20 weeks
resulted in increases in BMD and content, length, cortical area,
and compression breaking force of the humerus in young
Sabra rats,33,34 respectively. However, a similar swimming
regimen, of a somewhat shorter duration (1 hour/day for
5 days/week for 4 weeks), in 8-week-old young female
WistareKyoto rats resulted in decreases in femoral and tibial
mineral density.32 A similar finding on bone loss was also
reported in 8-week-old male spontaneously hypertensive
stroke-prone (SHRSP) rats following swimming exercise.31
Bone losses were also reported to be higher in 5-week-old
female SpragueeDawley rats exposed to intensive swimming
exercises of progressively increasing exercise durations from
2 hours/day to 6 hours/day over 5 weeks.30 The reason for the
differences in the effect of swimming reported by these studies
is not clearly apparent. These discrepancies could be due to
differences in sex, strain, initial age of the animals, type, and
part of the bone used for the study. In addition, measurement
procedures or the experimental conditions used such as fre-
quency, duration, and intensity of exercise could all contribute
to the inconsistent results reported in the literature.
In the present study, it was found that 8 weeks of swimming
exercise at 90 minutes per day for 8 weeks enhanced bone
geometrical properties such as tibial midshaft cortical area and
cross-sectional MOI in the young sham or intact rats. Inter-
estingly, these beneficial effects on bone geometry were not
observed in the ovariectomized rats. Nevertheless, discernable
beneficial effects on BMD and microstructure were observed
in femur bones of the ovariectomized rats. These observations
imply that bone responded differently according to the con-
ditions of rats, i.e., whether they are young, sham, or intact, or
ovariectomized, which resembles the postmenopausal state.
It is known that young bones show great potential for
periosteal and area expansions, which allow bones to adapt
more rapidly and efficiently for a prevailing mechanical
environment.38 Similarly, the tibia bone cortical area also
increased as a consequence of swimming exercise in young
intact rats in the present study. The expansion of the cortical
area is believed to be in response to forces applied by the
contracting muscles to the bone periosteal surface, where the
tendons are inserted.39 Our results demonstrate that swimming
exercise during the growth period can enhance bone growth in
the cortical area,40 which was reflected by the increased
cortical area after 8 weeks of swimming exercise in the young
female rats. The present prescribed swimming exercise may
have caused bone modeling drifts, which include formation
drift that makes and controls osteoblasts to build up the
cortical surface in the rats.41
Bone MOI is an indirect measurement of bone mechanical
property, which reflects the ability of bone to resist bending.
Bone adapts to repeated high strains by increasing its MOI and
creates resistance to continued distortion. Bone MOI measures
the distribution of bone tissue relative to a neutral axis of the
bone cross-section. It is dependent on the cross-sectional area,
size, and shape of the bone.42 Consistent with the above
statement, our data show concomitant increase in tibialmidshaft cortical area with the increase in MOI in the Sham-
Swim rats.
It has been reported that ovariectomy and orchidectomy in
female and male rats, respectively, result in bone loss.26,27,43
Previous studies with weight-bearing exercise, however, have
shown that bone loss was prevented at weight-bearing sites in
rats after ovariectomy,44e46 and in mice after orchidectomy.47
In the present study, it was evident that 12-week-old young
ovariectomized rats could respond positively to 8 weeks of
swimming, a non- or low-weight-bearing activity, with in-
creases in BMD and improvement in the microstructure of the
femur bones. Similar finding of increased BMD with other
types of high-weight-bearing exercises in ovariectomized rats
have been reported. For instance, Honda et al27 reported that
jumping exercise 10 times per day, 5 days per week for
8 weeks elicited beneficial effects on lower limb BMD in
9-month-old middle-aged osteopenic ovariectomized rats.
Gala et al43 found that 30 minutes of treadmill running exer-
cise at a speed of 8 m/minute, 5 days per week for 12 weeks
resulted in increased BMD in 16-week-old young female
ovariectomized rats. Similarly, Iwamoto et al48 found that
1 hour of treadmill running exercise at a speed of 12 m/minute,
5 days per week for 12 weeks increased tibial mineral density
in 9-month-old middle-aged ovariectomized rats. In a recent
study, Shinguemoto et al49 found that 12 weeks of resistance
training resulted in increased BMD in 13-week-old young
ovariectomized rats. Comparisons between the present non- or
low-weight-bearing swimming study with the aforementioned
studies with higher weight-bearing exercises showed that
increased BMD was not limited to higher weight-bearing ex-
ercises in ovariectomized rats. Nevertheless, the beneficial
effect of increasing BMD can be obtained from non- or low-
weight-bearing exercise such as swimming in the ovariecto-
mized rats.
The exact mechanism by which the present prescribed
swimming exercise stimulates an increase in BMD in ovari-
ectomized rats is still not fully understood. However, it has
been hypothesized that the interconnected network of osteo-
cytes and the periosteal and trabecular lining cells are sensitive
to mechanical stresses when extracellular fluid is forced
through the bone canaliculi during mechanical loading. This
fluid flow then triggers bone cellular responses.4,50e52 The
mechanical loading that is needed to induce bone gain has to
be of adequate intensity, applied for a sufficient duration, and
at an appropriate frequency. Otherwise, the mechanical
loading will not induce any significant gain. As proposed in
Frost's mechanostat theory, a minimum effective strain (MES)
is needed to evoke an increased level of bone mass.53,54 When
the intensity or duration of exercise is too low, it is insufficient
to produce functional bone adaptation through modeling. The
increased BMD that is evident in the present study confirms
that strains resulting from the swimming exercise regimen
consisting of 90 minutes per day for 5 days per week are
sufficient to induce gains in BMD in the ovariectomized rats.
To fully characterize the effect of exercise on bone, it is
imperative to measure changes in microstructural properties as
in the present study. The present study found that swimming
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structural properties such as connect density, trabecular num-
ber, bone volume and tissue volume ratio, and trabecular
thickness in the tibial proximal trabecular and femoral distal
and proximal trabecular bones in the ovariectomized swim rats
than ovariectomized sedentary rats. It was evident that swim-
ming resulted in a lower trabecular space in the ovariectomized
swim rats when compared to ovariectomized sedentary rats.
Regarding the effects of swimming in the sham rats, it was
found that swimming could merely improve trabecular number,
bone volume and tissue volume ratio, and trabecular thickness,
but not other measured microstructure parameters in the Sham-
Swim rats when compared to sham sedentary (Sham-control)
rats. These findings implied that swimming may be more
effective in improving bone microstructural properties in
ovariectomized rats than sham or intact rats.
The present findings showed that swimming exercise elicited
discernable effects on bone properties such as BMD and
microstructure in the femur bone of the ovariectomized rats.
Additionally, swimming exercise elicited beneficial effects on
bone geometry such as tibial midshaft cortical area and cross-
sectional MOI in the tibia bone of the Sham-Swim rats. These
findings imply that both sham rats and ovariectomized rats gain
beneficial bone effects from swimming exercise, and the bone
responses vary according to bone sites, aswell as the condition of
the rats, i.e., whether they are ovariectomized, sham, or intact.
Because the prescribed swimming exercise in the present study is
a non- or low-weight-bearing exercise, this may have resulted in
significant changes of bone in limited measured parameters only
compared to other forms of higher impact exercise.
It is known that gonadal hormones such as estrogen and
progesterone can have an important impact on bone physi-
ology in aging or ovariectomized rats. The limitation of the
present study was that blood samples were not collected, and
thus measurements of these relevant hormones could not be
performed at pre and post intervention stages to clarify the
potential mechanisms underlying the changes in the bone of
the rats. Another limitation of the present study was that bone
mechanical properties were not measured for reflecting the
bone strength of the rats. Therefore, the measurements of these
hormones and bone mechanical properties are proposed to be
carried out in our future studies.
The positive effect of swimming on bone properties in the
ovariectomized rats in the present study is demonstrated by the
observation of Ovx-Swim exercise rats having significantly
higher femoral proximal total BMD compared to the Ovx-
control rats. Hence, this finding may suggest that swimming
as a non- or low-weight-bearing exercise may be beneficial for
augmenting BMD and, to some extent, enhancing bone health
in the postmenopausal population. Further studies using human
participants are warranted to confirm the present findings.
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